This paper investigates species delimitation within the Lactarius gerardii species complex and explores its taxonomic and geographical extent. A combined molecular phylogeny based on ITS, LSU and rpb2 gene sequences is constructed and morphological characters are evaluated. While L. gerardii was originally described from North America, it has later been reported from all-over Asia. Therefore a worldwide sampling range was aimed at, including species exhibiting morphological affinities with L. gerardii. 
Introduction nigricans, R. persicina and R. camarophylla) and Auriscalpium vulgare was used to root the trees.
DNA extraction, PCR, sequencing and nucleotide alignments DNA was extracted from dried material using the PrepMan® Ultra Sample Reagent kit (Applied Biosystems Inc, Foster City, CA, U.S.A.). Extracts were purified with JetQuick General Clean-up columns (Genomed, Löhne, Germany). If DNA amplification proved unsuccessful, either the extraction protocol as described in Nuytinck et al. (2003) was used or a modified version, omitting the CTAB procedure and replacing it by an incubation with proteinase K for 18 hours at 45° C. For several specimens older than 10 years, DNA was extracted with the Gentra Puregene Tissue kit (Qiagen Benelux B.V., Venlo, The Netherlands).
Protocols for PCR amplification and for sequencing follow Le et al. (2007) . Three nuclear loci were amplified and sequenced: (1) the ITS region of the nuc rDNA, comprising ITS1, ITS2 and 5.8S, using primers ITS1-F and ITS4 (White et al. 1990) , when necessary also using intermediate primers ITS2 and ITS3; (2) part of the LSU nuc rDNA, using primers LR0R and LR5 (R. Vilgalys lab 'http://www.biology.duke.edu/fungi/mycolab/primers.htm'); (3) the region between conserved domains 6 and 7 of the second largest subunit of the RNA polymerase II (rpb2), using primers bRPB2-6f and fRPB2-7cR (Liu et al. 1999; Matheny 2005) . For specimens of which rpb2 amplification failed, intermediate primers have been constructed: i1f-RPB2 (5'-GCA RAA RAA GCA CGT DMG GTG GC-3') (forward primer) and i2r-RPB2 (5'-ACV GTT TCC TCT TCT TCR GCR TC-3') (reverse primer).
For all three loci, both forward and reverse sequences were obtained to resolve undetermined sites as much as possible. Sequences were assembled and edited with the Sequencher TM 4.8 software (Gene Codes Corporation, Ann Arbor, MI, U.S.A.). Alignments were performed with the program MAFFT v6 (Katoh & Toh 2008) with setting L-INS-i for ITS and setting FFT-NS-i for LSU and rpb2, and manually edited in BioEdit v7.0.9.0 (Hall 1999) . The ITS alignment acquired from MAFFT was first subjected to the online program Gblocks v0.91b (Castresana 2000; Castresana lab 'http://molevol.cmima.csic.es/castresana/Gblocks.html') (settings: 'allow smaller final blocks', 'allow gaps within blocks') to delimit most of the ambiguously aligned segments. The combined alignment was then visually screened for additional, ambiguously aligned regions that needed to be excluded from further analyses.
The only intron of the rpb2 marker was excluded entirely. The alignments are made available on the Russulales News website (Russulales News 'http://www.mtsn.tn.it/russulales-news') or can be obtained from the first author.
Phylogenetic analyses
The dataset was subdivided into 7 partitions: ITS1, 5.8S, ITS2, LSU, rpb2 first codon positions (rpb2-1), rpb2 second codon positions (rpb2-2) and rpb2 third codon positions (rpb2-3). To test compatibility of the combined nuc rDNA markers with the rpb2 marker, a ML Rapid Bootstrapping algorithm was implemented on both datasets for 500 replicates in the program RAxML v7.0.3, using the GTRMIX model with parameters optimized for each partition (Stamatakis 2006b; Stamatakis et al. 2008) . The program Compat.py (Kauff & Lutzoni 2002 ; Compat.py 'http: //www.lutzonilab.net/pages/download.shtml') was then used to detect conflicting clades with at least 70% BS support. The ML analysis of the combined dataset was executed with RAxML applying the Rapid Boostrapping algorithm as described above, followed by a ML tree search. Five partitioning strategies were tested: (1) ITS1, 5.8S, ITS2, LSU, (2) ITS1+ITS2, 5.8S+LSU, (Ronquist & Huelsenbeck 2003 ) applying the GTR+I+G model of character evolution. The BI was executed twice: once with maximized partitioning (strategy (1)) and once with 5 partitions (strategy (3)). For both analyses, two independent runs with four chains each were run for 10M generations, sampling every 100 th tree. The BI output was evaluated with Tracer (Tracer v1.4 'http://beast.bio.ed.ac.uk/Tracer'), convergence and stationarity of the two runs were checked and a burn-in value determined. A majority rule consensus tree was built after discarding the trees from the burn-in.
Morphological analyses
Macromorphological data of specimens are based on notes of the collectors. Specimens collected by the authors were described in daylight conditions. Colour changes of context and latex were observed up to 90 minutes after injury of the fruit body.
Microscopic features were studied on dried material. Terminology is adopted from Vellinga (1988) and, especially for pellis structures, from Verbeken (1998a) . Pellis structures and hymenial elements were observed either in Congo-red in L4 or in Congo-red in ammonia and in a 10 % aqueous potassium hydroxide solution. If necessary, slides were shortly heated above a flame to improve colour impregnation and rehydration. Spores were illustrated and described as observed in Melzer's reagent. Drawings of the spores were made with a drawing tube at 6000 × magnification, pellis structures were drawn at 1600 × magnification.
Identification of specimens was checked again after preliminary results of the molecular analyses and specimen names were corrected if necessary ( 
Results

Sampling
Sequences of all target species could be included in the molecular analyses, except for L. pubescens form a monophyletic group in the rpb2 analysis but not in the nuc rDNA analysis.
The five partitioning strategies tested for the ML analysis of the concatenated dataset, produced highly similar trees but strategies (1)- (3) gave a tree with a better likelihood value and clades with higher BS values then (4) and (5). Evaluation of the BI analysis output with
Tracer showed that after 10M generations, the effective sample size of all parameters had amounted to at least 100 when strategy (3) was used. This was not the case with maximized partitioning and also, the PP values were slightly worse. Burn-in was set at 10 %. We will continue with the results and discussion based on ML and BI analyses using partitioning strategy (3) (ITS1+ITS2, 5.8S, LSU, rpb2-1+2, rpb2-3).
The ML and BI analyses result in nearly identical phylograms. The four major Russulaceae clades, as found by Buyck et al. (2008) , are retrieved and the paraphyly of Lactarius is confirmed (Fig 1 A) Clade 2 represents a Thai species with unchanging context, rather wide-meshed spore ornamentation (Fig 2 A) , short terminal elements in the pileipellis and similar marginal cells (on the lamella edge) with brown pigmentation.
In clades 3-6, spore morphology is not uniform and genetic variability is high. For the specimens of North American clade 4, the same observations can be made as for clade 1, from which they cannot be distinguished morphologically.
Clades 7-8 are two very similar species with densely reticulate spore ornamentation.
Malaysian species 7 has slightly higher and acute ornamentations. No detailed macroscopical descriptions were provided for these specimens.
In clade 9, morphology is variable and specimens cannot be distinguished from those of clade 6.
Clades 10, 11 and 14 (L. bicolor) are similar species with strikingly coloured lamella edges and low-ridged spores. Species 10 differs from L. bicolor (Fig 1 D) by its long and slender marginal cells and terminal elements. The Chinese species 11 is set apart by its larger spores.
Clades 12 and 15 are two Sri Lankan species. Species 12 has characteristic spores bearing a reticulum of interconnected, acute spines (Fig 2 F) . Species 15 (Fig 1 E, Fig 2 H ) has dense and brown staining lamellae, and spores with firm ridges. Clade 17 corresponds with L. atrovelutinus, a species characterized by the short, terminal elements in the pileipellis, the small spores and a pinkening colour reaction (Fig 1 C) .
Clades 13 and 18 correspond with L. cfr. wirrabara, originally described from Australia by Grgurinovic (1997) , and L cfr. Clade 21 represents L. subgerardii. This species is recognized by its small stature and the spores ornamented by a mixture of ridges and interconnected, acute warts (Fig 2 K) .
Clade 22 consists of the type of L. reticulatovenosus, a small, Indonesian species with spores bearing irregular ridges (Fig 2 L) .
Clade 23 is a Malaysian specimen exhibiting a pinkening of the context. It differs from L.
gerardii var. subrubescens and other species by a very rudimentary layer of globose cells in the pileipellis, small spores (av. 6.8 × 5.7 µm) and the absence of distinct, marginal cells.
Clade 24 is a Costa Rican specimen collected in a high altitude (2600 m) Quercus forest. It is distinct from any North American collection because of its small basidiocarps with conspicuous, brown lamella edges and its particularly acute spore ornamentation.
Clades 25, 26 and 27 together form a monophyletic group of white, pleurotoid species, containing L. uyedae, described from Japan. The three species can be told apart by the shape of their macrocystidia. The Thai species (clade 25) also has smaller, and differently ornamented spores (Fig 2 M) .
Clades 28, 29 and 30 are three species with spore ornamentation composed of interconnected warts and with latex that is brown (L. petersenii and L. ochrogalactus) or becomes brown (L.
aff. ochrogalactus). The North American L. petersenii is further characterized by its dense lamellae (Fig 1 F) and low spore ornamentation (Fig 2 N) . In both the Japanese L.
ochrogalactus and the Australian/New Zealand L. aff. ochrogalactus the context stains reddish pink and macrocystidia are present, but only L. ochrogalactus has thick-walled terminal elements. The macroscopic characteristics of L. aff. ochrogalactus correspond to
Fuhrer's concept of L. wirrabara (Fuhrer 2005) . However, his concept cannot be considered correct, since the pinkening of the context and the brown discoloration of the latex are not consistent with the original description of L. wirrabara and the spores of L. aff. ochrogalactus (Fig 2 O) are strikingly different from those of the type of L. wirrabara.
Diagnostic characters
Species of the 'Gerardii clade' can be morphologically recognized, based on five important characters: the white spore print, the reticulate spore ornamentation not higher than 2 µm (Fig   2) , the palisade structure in the pileipellis with globose cells in the subpellis (Fig 3) , the lack of macrocystidia and the general habitus of a brown pileus and stipe contrasting with the white, mostly distant, lamellae (Fig 1 B-F) . Some exceptions exist, like L. ochrogalactus, which has macrocystidia, and L. uyedae which is a white, pleurotoid species and also has macrocystidia in its hymenium.
Characters of diagnostic value within the 'Gerardii clade' are:
Spore ornamentation -In most cases, accurate observation of the spore characteristics, and especially spore ornamentation, may allow identification of the different species. The reticulum can differ in density, its ridges can vary in thickness, height and regularity and warts can be differently shaped. Exceptions include L. cfr. sepiaceus and L. cfr. wirrabara (Fig 2 E, I ), and L. bicolor and L. aff. bicolor (Fig 2 G) which cannot be distinguished based on spore characteristics.
Lamellar density -While most species of the 'Gerardii clade' have distantly spaced lamellae when mature, this is not the case for L. petersenii and the Sri Lankan species 15 (Fig 1 E-F) .
Lamella edge -The lamella edge may be concolorous with the pileus. This sometimes facilitates species recognition, especially when very conspicuous as in L. bicolor (Fig 1 D) and the species from clades 10, 11 and 24. In the Thai species of clade 9 and in L. sepiaceus this feature appears to be variable, being present in some basidiocarps and absent in others.
However, in most clades, a coloured lamella edge is consistently absent. None of the North American species in the 'Gerardii clade' exhibit coloured lamella edges. (Fig 3 A) 
Colour and colour changes of latex and contex -
Pellis structures and marginal cells -All species have a clear palisade
Species: L. gerardii, L. subgerardii, L. petersenii, L. ochrogalactus, L. sepiaceus, L.
wirrabara, L. reticulatovenosus, L. uyedae, L. bicolor, L. atrovelutinus.
Description: Brown and velutinous pileus and stipe with whitish, mostly distant lamellae.
Sometimes small, white, pleurotoid species. White spore print. Spores reticulately ornamented with ridges or interconnected warts, not higher then 2 µm. Macrocystidia mostly lacking.
Pileipellis usually a well-developed palisade.
Discussion
If the proposal to conserve the name Lactarius for what we referred to here as 'Lactarius 1', and to apply the name Lactifluus, for what we referred to here as 'Lactarius 2', gets accepted, then Lactarius subg. Gerardii will be transferred to Lactifluus.
Publication of the here newly discovered species is currently in preparation. Lactarius subg. Plinthogalus and L. subg. Gerardii share the brown colours, the velutinous aspect, the reticulate spore ornamentation and the lack of macrocystidia. In L. subg.
Plinthogalus spore print colours are never pure white, like in L. subg. Gerardii, but vary from cream to buff, and are among the darkest in the genus. The reticulate spore ornamentation in L. subg. Gerardii is often quite regular and ridges are not as venose and never winged or zebroid, as they can be in L. subg. Plinthogalus. Critical observation of the pileipellis is important to distinguish the two taxa (Fig 3) . In L. subg. Gerardii the pileipellis is typically a palisade with a subpellis of multiple layers of globose cells (Fig 3 A) . Especially the subpellis is different in L. subg. Plinthogalus, where, instead of distinct globose cells, it is composed of strongly inflated hyphal elements, that in most cases allow one to follow how individual elements are linked to one another. These hyphal elements are not so much globose, but rather pear-shaped and irregular in form (Fig 3 B) .
One of the most notable problems that has come forth in this study of L. subg. Gerardii, is the position of the type species in the phylogeny. The type most likely belongs to either clade 1 or clade 4, but these clades cannot be distinguished from each other morphologically, nor could any useful DNA be extracted from the lectotype to ascertain its position molecularly. Besides that, North American specimens identified as L. gerardii var. subrubescens, L. gerardii var.
fagicola and L. atro-olivaceus group together with specimens without a colour reaction, complicating interpretation of these colour reactions. A comprehensive study using detailed descriptions of newly collected North American specimens, might resolve these matters.
At least four species of L. subg. Gerardii exist in the Australian region:
ochrogalactus, L. sepiaceus and L. wirrabara. These last two species remain very difficult to tell apart but are not as closely related as their similar morphologies would suggest. The reaction of ferrous sulphate on fresh specimens of L. wirrabara should be tested. In the original descriptions, L. wirrabara was found near Eucalyptus and L. sepiaceus near Nothofagus. However, several of the Australian specimens of L. cfr. sepiaceus were also found with Eucalyptus. An ectomycorrhizal study could be useful to confirm the host tree.
More New Zealand samples need to be checked to know whether L. cfr. wirrabara can also be found on the archipelago.
Lactarius chiapanensis, described from Mexico, was considered a member of L. subg.
Plinthogalus, resembling L. petersenii and L. pseudogerardii (Montoya et al. 1996) . (Henkel et al. 2000; Miller et al. 2002; Redhead & Norvell 1993; Verbeken 1998b ).
Biogeography
One of the most striking observations that can be made from the phylogeny of L. subg.
Gerardii is the multitude of intercontinental sister relationships between species from America, Asia and the Australian region. The species in this subgenus do not cluster together according to continent, and sympatric lineages are often distantly related. These results suggest that allopatric speciation, which is the most common speciation mechanism (Kohn 2005) , is likely to be one of the major mechanisms responsible for the species diversity in L.
subg. Gerardii. Migration was possible via land bridges in Beringia and in the Malesian region that have existed intermittently throughout the Tertiary and Quaternary. In the Tertiary, the Beringian land connections sustained broad-leaved, and later-on, coniferous forests (Graham 1993) , which could have supported an ectomycorrhizal mycoflora. Even during the Pleistocene, Beringia experienced prolonged ice-free periods with shrub-tundra environments (Elias et al. 1997) . In the Malesian region, a combination of land bridges and island hopping made migrations possible between Asia and Australia, starting from the mid-Miocene ( Phylogeographic studies often try to find out whether or not the phylogeny is regionally structured (e.g. Old World versus New World clades, northern versus southern hemisphere) and whether or not species with a disjunct or intercontinental distribution truly exist. For L.
subg. Gerardii we can say that it contains little geographical structure since many lineages have spread across two or three continents. The close relationship between eastern North American and Australasian species is evident but species with an intercontinental distribution have not been found. If we look at other phylogeographic studies involving ectomycorrhizal fungi, we find that close, intercontinental relationships are not uncommon, while disjunct populations of the same species are rather rare. Our results are comparable with those of Zhang et al. (2004) who demonstrated that Asian species of Amanita are often closely related to North American species, but they cannot not be confirmed as species with disjunct distributions. In the Amanita muscaria complex, there are several North American and Eurasian clades, but they do not cluster according to their geography (Geml et al. 2008) . A study of matsutake and its close allies (Chapela & Garbelotto 2004) Russulales further progress, the subgenus will certainly be considered a 'mixed clade'. Still, the multitude of intercontinental sister relationships L. subg. Gerardii, in combination with its non-random distribution of on the globe remains intriguing.
